Gamma-frequency oscillations (GFOs, >40 Hz) are a general network signature at seizure onset at all stages of development, with possible deleterious consequences in the immature brain. At early developmental stages, the simultaneous occurrence of GFOs in different brain regions suggests the existence of a long-ranging synchronizing mechanism at seizure onset. Here, we show that hippocamposeptal (HS) neurons, which are GABA long-range projection neurons, are mandatory to drive the firing of hippocampal interneurons in a high-frequency regime at the onset of epileptiform discharges in the intact, immature septohippocampal formation. The synchronized firing of interneurons in turn produces GFOs, which are abolished after the elimination of a small number of HS neurons. Because they provide the necessary fast conduit for pacing large neuronal populations and display intra-and extrahippocampal long-range projections, HS neurons appear to belong to the class of hub cells that play a crucial role in the synchronization of developing networks.
INTRODUCTION
The immature brain shows a higher susceptibility to epileptic seizures compared to the mature one (Holmes et al., 1998) . Although there is more resistance to acute seizure-induced cell loss than in the adult brain, both clinical (Baram, 2003; Lombroso, 2007) and experimental (Holmes et al., 1998) studies have confirmed that frequent or prolonged seizures lead to long-term impairments in brain development and functional abnormalities. Transient gamma-frequency oscillations (GFOs; >40 Hz) occurring at the onset of most seizures are a marker of a chronic epileptic condition (Worrell et al., 2004) . GFOs have been proposed to participate in the induction of alterations of immature networks (Khalilov et al., 2005) . These GFOs occur simultaneously in different brain regions, suggesting a wide network-pacing system. Yet, the mechanisms underlying the emergence of GFOs and the control of their spatial synchronization are still unknown.
In adult networks, the mechanisms underlying GFO genesis involve synaptic interactions between glutamatergic and GABA neurons, as well as gap junctions (Bartos et al., 2007; Whittington and Traub, 2003) . At early stages of postnatal development, pyramidal cells are poorly developed, and most function depends upon activation of GABA synapses (Ben-Ari et al., 1997) . In this context, GFO mechanisms may differ from the adult situation and reflect the particular anatomical and functional organization of immature networks (Khalilov et al., 2005) . Hence, our goal was to identify the cellular and network mechanisms underlying the generation and synchronization of GFOs in various conditions during development. We used the intact in vitro septohippocampal preparation, in which various stimuli can be used to trigger epileptiform discharges characterized by GFOs at their onset (Khalilov et al., 2005; Quilichini et al., 2002) , thus enabling the study of their underlying mechanisms.
RESULTS
GFOs Occur Simultaneously in the Immature SHF at Seizure Onset Field potential recordings performed in the intact septohippocampal formation (SHF) during the first postnatal (P) week (P5-7) in low Mg 2+ conditions (Supplemental Experimental Procedures) revealed the presence of transient GFOs (peak frequency: 88 ± 6 Hz; duration: 143 ± 19 ms; n = 46 preparations) at the onset of regularly occurring ictal-like events (ILEs) (Quilichini et al., 2002) (Figures 1A and S1A, available online) . GFOs were coordinated throughout the preparation: they occurred simultaneously and were phase locked in the different regions of the hippocampus and in the septum (f DG À f CA1 = 13.8 ± 17.8 ; f CA3 À f CA1 = 85.4 ± 30.4 ; f septum À f CA1 = 114.6 ± 31.5 ; n = 3; Figure 1B ). There is thus a mechanism in the septohippocampal region that is able to transiently synchronize networks in the gamma-frequency range at the initiation of ILEs across quite large distances. Because this mechanism is at least present throughout CA1 ( Figure S1B ), it was further investigated in this region.
Interneurons Fire at High Frequency during GFOs, whereas HS Cells Fire before GFOs Large populations of neurons fire action potentials during GFOs, thus contributing to the field activity (Chrobak and Buzsá ki, 1996) . We thus determined the firing pattern of different neuronal classes during GFOs. By using cell-attached recordings, we found that CA1 pyramidal cells (n = 10) were either silent (n = 8) or fired a single action potential (n = 2) during GFOs, and CA3 pyramidal cells (n = 10) fired at low rate (<25 Hz) (Figure 2A ). Pyramidal cell always fired after GFO initiation ( Figure 2A2 ). In contrast, all the CA1 interneurons recorded (n = 36; Figure S2 ), including basket cells (n = 3), O-LM cells (n = 7), and backprojecting cells (n = 4), fired at high frequency exclusively during GFOs, reaching a maximum firing rate of 72 ± 10 Hz (range: 40-100 Hz), i.e., at nearly the same frequency as GFOs ( Figure 2B1 ). Before GFO occurrence, all GABA neurons, except hippocamposeptal (HS) cells, described below, had a low-firing rate (2 ± 2 Hz; range: 0-9 Hz; n = 36), and the transition to high-firing rate during GFOs was abrupt ( Figure 2A2 ). Moreover, their action potentials were phase locked to GFOs, arising preferentially at the descending phase of each cycle (À34.4 ± 80 ; R = 0.35; p < 0.001; Rayleigh test; Figure 2B2 ). These results are in agreement with the initial assumption that interneurons are the main contributors to GFO generation. Accordingly, we found that GFOs depend upon GABA A, but not AMPA, receptor activation ( Figure S1C ).
One type of GABA neuron, the HS cells, showed a different firing pattern. They always fired before GFO onset, with a 10-300 ms time lag (69 ± 35 ms; n = 23), reaching a maximal peak frequency of 96 ± 25 Hz ( Figure 3A ). These neurons belonged to the class of long-range projection GABA neurons ( Figure 3A2 ) (Gulyá s et al., 2003) . Morphological analysis revealed that HS cells, although still in an early developmental stage, exhibited an extensive axon arborization in the different CA1 layers along the septotemporal axis, as well as in the septum ( Figure 3A2 ). During development, they are known to contact GABA neurons exclusively (Gulyá s et al., 2003) . Because of their early firing, we reasoned that HS cells might have a pivotal role in GFO emergence by synchronizing their target interneurons (i.e., GABA neurons with exclusive local projections) into high-frequency firing, thus generating field GFOs. The firing patterns of the different cell types during GFOs are consistent with this hypothesis. If HS cells play a leading role in synchronizing their targets, we propose the following scheme: (1) firing and GFO emergence, preventing HS cell firing should abolish GFOs. We directly tested these proposals.
HS Cells Orchestrate the Synchronization of Hippocampal Interneurons during GFOs
We first investigated the possibility of a buildup mechanism among interconnected HS cells. We analyzed the firing behavior of eleven HS cell pairs (four reciprocal and seven unidirectional connections; Figures S3A and S3B ). Before GFO genesis, HS cell firing started to accelerate at a mean instantaneous frequency of 28 ± 11 Hz until an abrupt transition to highfrequency firing occurred within 150 ± 65 ms before GFO onset ( Figure 3B ). In keeping with a progressive recruitment of HS cells, there was a regular increase in GABAergic currents received by both HS cells and interneurons ( Figure 3B3 ). Dual recordings revealed that HS cells were connected together and to other GABA neurons (four unidirectional HS to O-LM connections, three HS to O-LM reciprocal connections; Figures S3A and S3B). During the buildup process, the frequency of GABA currents remained low, consistent with the low-frequency firing of HS cells before their transition to high-frequency firing (Figure 3B3) . The switch to high-frequency firing of HS cells correlated with the high-frequency GABA currents received by the interneurons ( Figure 3B3 ). Those results are thus in favor of a progressive recruitment of HS cells.
We then analyzed the nature of the neurotransmission between HS cells and their targets in normal artificial cerebrospinal fluid (four reciprocal and seven unidirectional HS pairs, four unidirectional HS to O-LM connections, three HS to O-LM reciprocal connections; Figure S3A and S3B). The neurotransmission was extremely reliable at these synapses (1.0 release probability; n = 25 connections). Intracellular chloride concentration increases in epileptic conditions in the immature brain, rendering GABA strongly excitatory (Dzhala et al., 2010) . By using noninvasive measurements of the resting membrane potential and the reversal potential of chloride in different classes of GABA neurons, we found that E Cl was 19.1mV ± 1.9mV (n = 6 HS cells, 3 O-LM cells, 1 basket cell, and 2 unidentified interneurons; Figures S3C and S3D) above resting membrane potential (À69.7mV ± 2.8mV; n = 12), indicating a depolarizing action of GABA. We also found that high-frequency stimulation of HS cells evoked action potentials in their target cells (n = 5 SHFs; Figure S3E2b ). These results show that HS cell firing can entrain their target neurons, probably via the depolarizing action of GABA.
Our next proposal was a recruitment of interneurons by the HS cells. If HS firing entrained these interneurons, then two requirements should be met: (1) high-frequency GABA currents should occur in interneurons before GFOs, because HS cells, which contact interneurons, always fire before GFOs at high frequency; and (2) high-frequency GABA currents should occur in turn after GFO onset in pyramidal cells, because interneurons, which contact pyramidal cells, fire at high frequency during GFOs. Whole-cell recordings of interneurons revealed that large synaptic GABA currents with a high-frequency component always preceded field GFOs (mean: 183 ms; range: 40-450 ms; n = 17; Figure 3C ). Because pyramidal cell-projecting interneurons fire at high frequency during GFOs (Figure 2A) , pyramidal cells received a high-frequency barrage of GABAergic inputs during GFOs ( Figure 3C ). The frequency of GABAergic inputs in pyramidal cells (88 ± 17 Hz; n = 9) was similar to the firing frequency of interneurons and to the field GFOs. In contrast, the fast oscillatory component within the glutamatergic drive occurred after the initiation of GFOs in all recorded interneurons (n = 17) and pyramidal cells (n = 9) and had a lower magnitude than GABA currents ( Figures 3C2 and 3C3) . The analysis of synaptic activity thus reveals a sequential recruitment of the different actors in the network: at first, a population of GABA neurons (interneuron-specific GABA neurons), which contact interneurons, but not pyramidal cells, starts to fire before GFOs. This is consistent with the HS cells' specific targeting and firing pattern. This suggests that GABAergic currents provide the main synaptic drive onto interneurons. In turn, these interneurons fire during GFOs. Pyramidal cells also fire during GFOs, although to a lesser extent.
HS Cells Are Mandatory for GFO Emergence, but Not to Seizure If HS cells play a leading role and are necessary for GFO emergence, preventing their firing should abolish GFOs. To test causality, we used GIN (GFP-expressing inhibitory neurons) mice in which green fluorescent protein (GFP) is expressed via the GAD67 promoter only in somatostatin-containing neurons, including HS cells (Oliva et al., 2000) . At P6, most GFP-containing neurons recorded in CA1 stratum oriens were identified post hoc as HS cells (72%; n = 18/25). The 28% that remained were all identified as O-LM cells (n = 7/25). Recordings of GFP-negative interneurons revealed the presence of O-LM cells, but not HS cells (n = 14 O-LM cells and 14 other types of interneurons; data not shown). This suggests that the vast majority of GFP-containing neurons in CA1 stratum oriens at P6 are HS cells ( Figure S4A ) and that many O-LM cells do not express GFP at this age. GFOs, cell-firing patterns, and synaptic inputs in GIN mice had properties similar to those found in rats ( Figures  4A and S4B ). We also used this preparation to test other models of acute seizures: high K + , kainic acid, and 4-AP. In all three models, GFOs (96 ± 7 Hz; range: 40-180 Hz; n = 22) were present at seizure onset, HS cells (115 ± 14 Hz; range: 40-208 Hz; n = 13) started to fire before the GFOs (mean time lag: À105 ± 19 ms), and the interneurons generated spikes only during the GFOs (81 ± 11 Hz; range: 34-117 Hz; n = 9, including 8 OLM cells and 1 backprojecting cell; Figures S4C-S4E ). Whole-cell recordings of interneurons also showed large GABA synaptic currents preceding GFOs (102 ± 31 ms; range: 35-210 ms; n = 5; data not shown). These features are similar to the ones obtained in low Mg 2+ conditions, demonstrating the generality of the mechanism involved in triggering GFOs at ILE onset at this stage of development. Because the disappearance of a critical number of long-range projection neurons disrupts long-range synchrony (DyhrfjeldJohnsen et al., 2007) , we eliminated stratum oriens GFP-positive cells successively along the septotemporal axis by using focused fluorescence illumination ( Figure 4D ; n = 8 SHFs). The elimination of between 10 and 20 GFP-positive cells (n = 8 SHFs) was sufficient to abolish GFOs without affecting the occurrence of ILEs (Figures 4A and 4B) . The network structure and function did not appear damaged by this procedure: GFPnegative cells within the illuminated area and GFP-positive cells outside the illuminated area did not display apparent morphological damage ( Figure 4D ), and ILEs were still present ( Figure 4B ). The disappearance of GFOs could result from the loss of the trigger (HS cells) and/or the generator (interneurons). Because only a fraction of O-LM cells (GFP positive) were removed from the circuitry, and all the other generators (including GFP-negative O-LM and basket cells) were not affected, GFO disappearance most likely results from the loss of a critical mass of HS cells ( Figure 4D) . Accordingly, the elimination of up to 50 GFP-negative interneurons (n = 4 SHFs) did not affect the occurrence of GFOs at ILE onset ( Figures 4E and 4F) . Finally, while recording from pairs of HS cells, we generated simultaneous trains of action potentials at 100 Hz in each pair. This was not sufficient to entrain the system to produce field GFOs, in keeping with the proposal that a critical mass of HS cells needs to be recruited.
DISCUSSION
In this study, we have shown in the immature SHF that (1) field GFOs are present at ILE onset; (2) long-range projection HS cells start to fire at high frequency before field GFOs; (3) all the interneuron types recorded fire in turn high-frequency action potentials arising preferentially at the descending phase of the GFOs; and (4) GFOs are abolished after the elimination of a small number of HS cells. Taken together, we propose that HS cells, via their target-selective excitatory GABA synapses and their extensive axonal projections, provide the necessary fast conduit for synchronizing the hippocampal interneurons into transient high-frequency firing, leading to GFO emergence at the onset of epileptiform discharges.
The mechanisms that underlie GFOs in epileptogenic conditions at early stages of development contrast with those arising in physiological conditions. Several observations suggest that spontaneous GFOs are not present in developing networks. In rat pups, high-frequency (120-180 Hz) oscillations are observed in vivo in the hippocampus after the end of the second postnatal week (Buhl and Buzsá ki, 2005) . Moreover, various in vitro GFOgenerating procedures or agents, such as bath application of the ACh receptor agonist carbachol of intact cortex of newborn rats (Kilb and Luhmann, 2003) or high-frequency stimulation of CA1 afferents in rat hippocampal slices (Ruusuvuori et al., 2004) , failed to generate GFOs during the first postnatal week. Because physiological GFOs are largely driven by glutamate in mature networks (Bartos et al., 2007; Fisahn et al., 1998; Traub et al., 1998; Whittington and Traub, 2003) , these observations are consistent with the delayed maturation of glutamatergic synapses shown in a wide range of brain structures (Gozlan and Ben-Ari, 2003) . As suggested previously (Traub et al., 1998) , developing networks would lack the critical density of functional glutamatergic synapses required for these oscillatory activities. However, GFOs can emerge in epileptogenic conditions, signaling a pathological state. We showed that AMPA receptor activation is not necessary for GFO expression, and the glutamatergic drive always follows the GABAergic one in all neuron types. This is also consistent with other findings showing that synchronization of GABA neurons can occur in the absence of fast glutamatergic signaling via depolarizing GABA (Avoli and Perreault, 1987; Michelson and Wong, 1991) . Furthermore, this is also in agreement with the tetanic model of GFOs that displays comparable GABA mechanisms to the low Mg 2+ model (Fujiwara-Tsukamoto et al., 2006) , because it also requires a depolarizing GABA action (Kö hling et al., 2000) , which is due to intracellular chloride accumulation during recurrent seizures (Dzhala et al., 2010) . Although very high-frequency oscillations (HFOs in the ripples: 140-200 Hz; fast ripples: 200-500 Hz) can be recorded in adult epileptic networks in vitro (Khosravani et al., 2005; Traub et al., 2001 ) and in vivo (Jirsch et al., 2006) , the GFOs recorded in our conditions never reached such frequencies during the first postnatal week, probably reflecting the immature stage of development (Buhl and Buzsá ki, 2005) . It has been suggested that recurrent glutamatergic synaptic transmission (Dzhala and Staley, 2004) and pyramidal axoaxonic gap junctions (Traub et al., 2002) are instrumental in the generation of HFOs in the adult brain. This implies that these additional mechanisms are not yet fully functional. Nevertheless, the immature hippocampus has already reached a sufficient level of organization to generate GFOs (40-100 Hz) under epileptogenic conditions. Collectively, our results provide strong support for the concept that, in different epileptogenic conditions at early stages of development, long-range projection neurons can trigger the high-frequency firing of interneurons with exclusive local connectivity, which leads to the emergence of GFOs. Although most of HS cells continued to fire at high frequency during GFOs, thus contributing to their expression, their main impact appears to be in coordinating the activity of their targets. In the adult brain, long-range projection neurons, which can contact both pyramidal cells and interneurons (Jinno et al., 2007; Taká cs et al., 2008) , may fulfill the role of synchronizing elements (Tort et al., 2007) . In our conditions, HS cells do not appear to functionally contact pyramidal cells, because GABAergic currents should have occurred simultaneously in pyramidal cells and interneurons. Whether this discrepancy reflects a maturation process of these neurons and/or the existence of different classes of long-range projection neurons (Jinno et al., 2007) remains to be determined.
Interestingly, GFP expression in GIN mice is driven via the GAD67 promoter. GAD67 expression is developmentally regulated and is lower at the end of the first postnatal week as compared to adults (Jiang et al., 2001) . Hence, at P6, GFPnegative neurons might include immature somatostatin-containing neurons (in which GAD67 expression is still low and would increase later in development) in addition to SST-negative neurons. This also suggests that HS cells, which form the vast majority of GFP-positive neurons, already display at P6 features of mature neurons, as compared to other future somatostatincontaining interneurons. We show here that these long-range projection neurons play a key role in triggering network synchronization and GFO expression. Interestingly, some ''connector hub neurons'' described in immature mouse hippocampal slices also show an extended axonal arborization (within the hippocampus), a similar coactivation (built up of synchronization) before the onset of network activity (giant depolarizing potentials), and orchestration of spontaneous network synchronization (Bonifazi et al., 2009 ). Besides, early-generated GABA hub neurons preferentially express somatostatin and were recently proposed to develop into GABA projection neurons (Picardo et al., 2011) . It has also been suggested that GABA neurons displaying long-range axonal arborization which extends the outside of the hippocampus would carry such a hub function and would support the emergence of network oscillations (Buzsá ki et al., 2004) . Thus, HS cells are likely to belong to this class of hub neurons and to form such a hub network that is critical for broad network synchronization during development. In keeping with such an assumption, the elimination of some HS cells abolished GFOs, but not the ILEs themselves.
Altogether, our results have two major implications.
(1) In contrast to adult networks (Jirsch et al., 2006; Steriade and Demetrescu, 1966) and with the caveat that we used an in vitro acute model of epilepsy, we propose that GFOs may not be causally linked to seizure genesis at early stages of development. They would sign the activity of a network before its transition to the ictal discharge. (2) Few hub-like GABA neurons, i.e., HS cells, are able to synchronize wide-reaching, large neuronal populations that enable GFOs to emerge, a phenomenon that may also be valid in physiological conditions.
EXPERIMENTAL PROCEDURES
Intact septohippocampal formations were prepared from 5-to 7-day-old rats and GIN mice. Extracellular, cell-attached, and voltage-clamp whole-cell recordings were performed at 33 C from hippocampal CA1 pyramidal cells and interneurons. GFOs were quantified using wavelet time-frequency analysis. GABAergic and glutamatergic synaptic currents were measured at +10mV and À60mV, respectively. Resting membrane potential and the reversal potential of GABAergic currents were measured using single NMDA and GABA A receptor-channel recordings in the cell-attached configuration. Synaptic connections between cells were determined by making one cell fire an action potential and by detecting the presence of a postsynaptic GABA current in the second cell. Ablation of GFP-containing neurons was obtained after 5-min-long high-power fluorescence focused through a 603 objective. All recorded cells were filled with biocytin for post hoc morphological identification. They were reconstructed using the Neurolucida system. Immunohistochemical labelings for GFP-and somatostatin-containing neurons were performed by using polyclonal antisera directed against GFP and somatostatin, respectively.
SUPPLEMENTAL INFORMATION
Supplemental Information includes four figures and Supplemental Experimental Procedures and can be found with this article online at doi:10.1016/ j.neuron.2012.01.026.
